Hepatocellular carcinoma (HCC) is the fifth most common cancer and the third most common cause of cancer related deaths worldwide ([@bib12]). HCC patients face a high incidence of recurrence when receiving curative therapy for early stage HCC due to invasion and metastasis ([@bib11]). Therefore, molecular mechanisms underlying HCC invasion, metastasis and recurrence deserve further investigation to develop new prognostic biomarkers and novel therapeutics for HCC patients.

Emerging evidence indicates that epithelial--mesenchymal transition (EMT), especially TGF-*β*1-mediated crucial pathway and distinct processes, such as loss of cell--cell contacts, disruption of cell polarity, matrix remodelling, migration and invasion has a pivotal role in HCC progression through cumulative genetic and epigenetic alterations ([@bib22]). EMT neoplastic cells manifest with increased motility, invasion, mesenchymal characteristics and metastatic potential, along with the loss of E-cadherin expression, the upregulation of N-cadherin and other EMT-related factors ([@bib17]; [@bib32]). The role of E-cadherin in tumour invasion and metastasis has been well established in cancers ([@bib34]; [@bib31]; [@bib5]). However, the role of N-cadherin in HCC remains to be elucidated. N-cadherin is reported highly expressed in multiple cancers, such as breast cancer, prostate cancer, melanoma and so on ([@bib18]; [@bib25]; [@bib16]). Accumulating evidence suggests its role in carcinogenesis, but the molecular mechanisms underlying aberrant N-cadherin expression in HCC remain elusive.

Micro-RNAs (miRNAs) are small non-coding RNAs that interact with the 3′-untranslated region (3′-UTR) of target mRNAs and repress expression by inhibiting translation or inducing degradation ([@bib21]). It has been reported that miRNAs perform pleiotropic functions to modulate key cellular processes involved in carcinogenesis ([@bib6]; [@bib9]; [@bib26]). Recent studies revealed that various miRNAs are involved in regulating EMT in cancer cells. TGF-*β*1 promoted EMT-related carcinogenesis by inducing miR-181b expression and ectopic expression of miR-630 attenuated the TGF-*β*1-activated EMT process ([@bib35]; [@bib7]). Given the pivotal roles of EMT in tumour invasion, metastasis and recurrence, identification of key candidate miRNAs could be further investigated as potential biomarkers or therapeutic targets.

In this study, we explored the expression pattern of N-cadherin in HCC and its clinical significance, and we identified that miR-199b-5p binds to the 3′-UTR of N-cadherin via targeting N-cadherin. The role and function of miR-199b-5p in carcinogenesis and EMT was further investigated.

Materials and methods
=====================

Patients and specimens
----------------------

One hundred pairs of human HCC tissues and their corresponding adjacent liver tissues were collected from patients who underwent liver resection between January 2010 and May 2011 at the Hepatic Surgery Center of Huazhong University of Science and Technology (HUST). Informed consent was obtained from all the patients before participating in the study, which was approved by the medical ethics committee of Tongji Hospital, HUST, China.

Micro-RNAs, plasmids and materials
----------------------------------

MiR-199b-5p mimics and inhibitors, and N-cadherin siRNA were purchased from RiboBio Co., Ltd (Guangzhou, China). The hsa-miR-199b-5p expressing plasmid and negative control plasmid were synthesised by GeneChem (Shanghai, China). Full-length 3′-UTR of N-cadherin was purchased from GeneChem, amplified by PCR, and cloned into the pMIR-REPORT luciferase expression vector (Ambion, Austin, TX, USA) as a Luc-UTR vector. Mutated miR-199b-5p target sequences of N-cadherin 3′-UTR in the Luc-MUT vector were conducted using site-directed mutagenesis (Stratagene, La Jolla, CA, USA). Full-length N-cadherin was purchased from GeneChem and cloned into pcDNA3.1 (+) expression vector (Invitrogen, Carlsbad, CA, USA). (Phosphatidylinositol 3-kinase) PI3K inhibitor LY294002 (SelleckChemicals, Houston, TX, USA) were dissolved in DMSO to a concentration of 20 *μ*M. Akt Inhibitor VIII (Akti VIII) were dissolved in DMSO to a concentration of 5 *μ*M. TGF-*β*1 receptor kinase inhibitor SB431542 (SelleckChemicals) were dissolved in DMSO to a concentration of 10 *μ*M. TGF-*β*1 (Sigma-Aldrich, St Louis, MO, USA) were dissolved in PBS and 10 mM citric acid to a concentration of 5 ng ml^−1^ for usage.

Cell culture and transfection
-----------------------------

Human HCC cell lines BEL7402, Hep3B, HepG2, HLF, Huh7 and normal liver cell line HL7702 were purchased from Typical Training Content Preservation Committee Cell Bank, Chinese Academy of Sciences (Shanghai, China). The cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific) and penicillin/streptomycin (100 U ml^−1^) at 37 °C in humidified atmosphere with 5% CO~2~. Cells were transfected using Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. For stable transfections, 5 × 10^5^ cells were seeded in a six-well plate. The hsa-miR-199b-5p expressing plasmid and negative control plasmid were transfected into the cells for 48 h. And cells were trypsinised, resuspended and seeded in a six-well plate (100 cells per well). Afterwards, cells were cultured in DMEM containing 10% FBS and 500 *μ*g ml^−1^ of G418 (Calbiochem, Darmstadt, Germany) for 3 weeks. The positive cell clones were isolated, cultured and determined using western blotting assay.

*In silico* analysis
--------------------

To investigate whether miRNAs were involved in regulating N-cadherin expression in HCC, we utilised mirwalk database (<http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk/micrornapredictedtarget.html>), which integrated four commonly used miRNA databases (TargetScan, Pictar, miRwalk and miRanda), to scan for the potential miRNAs that may target 3′-UTR of N-cadherin mRNA ([@bib10]).

RNA isolation and quantitative real-time PCR (qRT-PCR) assays
-------------------------------------------------------------

Total RNAs from both tissues and cells were extracted using Trizol reagent (Invitrogen). MiR-199b-5p was reverse transcribed using ReverTra Ace qPCR RT Kit (TOYOBO, Osaka, Japan) and was measured using SYBR Green Realtime PCR Master Mix (TOYOBO) via StepOne Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). U6 RNA was used as a miRNA endogenous control. Relative expression analysis was performed using the comparative CT method (2^−ΔΔCT^). All experiments were performed in triplicate.

HCC EMT Cell Model and immunofluorescence assay
-----------------------------------------------

HepG2 and Huh7 cells were trypsinised and seeded in six-well plates and incubated for 24 h. Then the cells were treated in 2.5% FBS-containing DMEM with 5 ng ml^−1^ TGF-*β*1 (Sigma-Aldrich) or 5 ng ml^−1^ bovine serum albumin (BSA) (Sigma-Aldrich) used as the control for 2 days. The processed cells were washed with PBS, and fixed in 4% paraformaldehyde (Beijing Solarbio Corporation, Beijing, China), Then 0.3% TritonX-100 (Beijing Solarbio Corporation) were added for 10 min and 5% BSA 500 *μ*l were added for 1 h at room temperature. N-cadherin antibody diluted by 5% BSA was added and then the cells were incubated at 4 °C overnight. Phycoerythrin-labelled secondary antibody (Abcam Company, Hong Kong) diluted by 5% BSA (1 : 1000) were added and the cells were incubated at room temperature in dark for 1 h. Representative images were obtained from the Nikon Digital ECLIPSE C1 system (Tokyo, Japan).

Luciferase reporter assay
-------------------------

To verify the target sites of miR-199b-5p, HepG2 and Huh7 cells were co-transfected with miR-199b-5p mimics or inhibitors and luciferase reporter constructs containing wild-type or mutated N-cadherin 3′-UTR. Cells were split and luciferase activities were measured using Dual-Luciferase Assay Kit (Promega, Madison, WI, USA).

Wound-healing assay and Transwell assay
---------------------------------------

Cells were seeded at a density of 4 × 10^5^ cells per well in a six-well plate and were incubated for 24 h, followed by maintained in serum-free DMEM until the cells were grown as a confluent monolayer. Then cell migration initiated while cell layer was scratched. The migration abilities were determined by relative gap distance. For Transwell cell migration assay, the cells were resuspended in serum-free DMEM. Then 5 × 10^4^ cells were seeded on the upper side of a Transwell chamber (24-well insert, 8 μm pore size; Corning Costar, Cambridge, MA, USA), followed by adding 500 *μ*l DMEM containing 10% FBS to the lower chambers. For Transwell cell invasion assay, chamber membrane was pre-coated with 30 *μ*l BD Matrigel (BD, Franklin Lakes, NJ, USA). Then 1 × 10^5^ cells were seeded on the upper side, and 500 *μ*l DMEM containing 10% FBS was added to the lower chambers. After 24 h for migration or 48 h for invasion, the cells were fixed, stained and counted by the Image-Pro Plus (IPP) v6.0 software (Media Cybernetics Inc., Rockville, MD, USA). Representative images were obtained from the Nikon Digital ECLIPSE C1 system.

CCK-8 assay
-----------

Transfected and control cells (2000 per well) were seeded in a 96-well plate and incubated at 37 °C. Cell viability was analysed at 24, 48 and 72 h using Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) according to the manufacturer's protocols.

Analysis of clonogenicity *in vitro*
------------------------------------

For colony formation assay, transfected and control cells (500 per well) were seeded in a six-well plate and incubated at 37 °C for 14 days. The plates were fixed in 4% paraformaldehyde, stained with 0.1% crystal violet in 20% methanol. Anchorage-independent cell growth was determined by soft agar colony formation assay. Transfected and control cells (500 per well) were seeded in a six-well plate containing 0.3% noble agar and grown for 14 days. The number of colonies was determined by direct counting using an inverted microscope (Nikon).

Cell cycle and apoptosis analysis
---------------------------------

For cell cycle analysis, 1 × 10^5^ cells per well were seeded in the six-well plates and incubated at 37 °C for 24 h. Then cells were harvested and fixed in 70% ethanol at 4 °C overnight. Before the analysis, the cells were treated with propidium iodide containing RNase A (KeyGen Biotech. Co. Ltd., Nanjing, China) for 30 min at 37 °C. Cell cycle analysis was performed using a FACS Calibur flow cytometer (BD). For apoptosis analysis, 1 × 10^5^ cells per well were seeded in the six-well plates and incubated at 37 °C for 48 h. Then floating and adherent cells were harvested, washed and stained for 15 min with Annexin V-fluorescein isothiocyanate, PE (Phycoerythrin) and 7-AAD (7-amino-actinomycin D) in 500 ul binding buffer and then analysed by flow cytometry.

Cell aggregation assay
----------------------

Transfected and control cells were washed, and detached with 0.05% trypsin containing 0.5 mM Ca^2+^. Then the cells were washed with HCMF buffer (10 mM HEPES (pH 7.4), 0.137 M NaCl, 5.4 mM KCl, 0.34 mM Na~2~HPO4, 12H~2~O and 0.1% glucose), and resuspended at 2 × 10^5^ cells per ml HCMF buffer. A total of 2 × 10^5^ cells in 1 ml HCMF buffer containing 1 mM Ca^2+^ were seeded in the 12-well plate that was pre-coated with BSA, and kept rotating at 80 r.p.m. for 1 h at 37 °C. Cells were fixed, counted and the aggregation index (total number of aggregates and single cells/total cell number) was calculated ([@bib19]).

Western blotting assay
----------------------

Total proteins were extracted from HCC tissues and cells, and their concentrations were measured using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Western blotting assay was conducted using specific primary antibodies against Snail, Slug (1 : 1000; Santa Cruz Biotechnology, Dallas, TX, USA), E-Cadherin, Akt, phosphorylated Akt (p-Akt) (1 : 1000; Epitomics, Burlingame, CA, USA), N-Cadherin (Thermo Fisher Scientific), Smad2, p-Smad2, Smad3, Smad4 and GAPDH (1 : 1000; Abcam) and appropriate horseradish peroxidase-conjugated secondary antibodies (1 : 5000; Thermo Fisher Scientific). Protein bands were visualised using an enhanced chemiluminescence detection system (Thermo Fisher Scientific). The average grey scale intensities were measured by IPP v6.0 software (Media Cybernetics Inc.).

Immunohistochemistry
--------------------

Immunohistochemical staining was performed according to the instructions using the following appropriate antibodies mentioned above. The results were assessed independently by two pathologists.

Xenograft assay
---------------

Twenty 4-week-old male BALB/c athymic nude mice were purchased from Chinese Academy of Medical Sciences Institute of experimental animals (Beijing, China) and bred under pathogen-free conditions at the Experimental Animal Center of Tongji Medical College. All of the animal experiments met the National Institutes of Health guidelines (NIH publication 96-01, 1996 revision) and were approved by the Committee on the Ethics of Animal Experiments of the Tongji Medical College, HUST (Permit number: SYXK (e) 2010-0057, No.00122869).

To establish intraperitoneal tumour model, TGF-*β*1 induced exponentially growing stably transfected miR-199b-5p and control HepG2 cells for 48 h. Then cells were suspended in DMEM (1 × 10^7^ cells per ml), and we injected each mouse intraperitoneally with 100 *μ*l (*n*=5 each group). After 3 weeks, the mice were killed. Tumour nodules \>0.5 mm on the liver surface were counted. Tumour tissues were fixed in 4% formaldehyde and stored in −80 °C at the same time.

Statistical analysis
--------------------

All the results were expressed as mean±s.d. Categorical variables were compared using the χ^2^-test, Fisher's exact test or one-way ANOVA with *P*\<0.05 considered statistically significant. Disease-free survival (DFS) and overall survival (OS) were calculated by the Kaplan--Meier method and compared between the groups using the log-rank test. All the experimental data were analysed using SPSS statistical software (version 16.0, Chicago, IL, USA).

Results
=======

N-cadherin is overexpressed in HCC tissues and is associated with poor clinical outcomes
----------------------------------------------------------------------------------------

N-cadherin expression was detected using immunohistochemical analysis in 100 pairs of HCC patients' tumour tissues and corresponding adjacent liver tissues. In HCC tissues, strong and homogeneous membranous staining was frequently observed (61%) at the cell--cell borders of hepatocytes, which indicated a strong positive expression of N-cadherin. Meanwhile, weak expression of N-cadherin was found in most non-cancerous liver tissues. Western blotting assay confirmed the expression patterns of N-cadherin in the HCC and adjacent liver tissues ([Figure 1A](#fig1){ref-type="fig"}). Representative images of N-cadherin expression was shown in HCC tissues and adjacent non-cancerous liver tissues ([Figure 1B](#fig1){ref-type="fig"}). Relative expression levels of N-cadherin in HCC cell lines was overexpressed compared with normal liver cell line HL7702 using western blotting assay ([Figure 1C](#fig1){ref-type="fig"}). To further investigate whether the N-cadherin expression is correlated with the prognosis of HCC patients, we found that HCC patients with high N-cadherin levels had a significantly shorter median DFS and OS compared with those with low N-cadherin levels (*P*\<0.001, [Figure 1D](#fig1){ref-type="fig"}). Moreover, the correlation between N-cadherin expression and clinicopathological features in HCC patients was assessed. N-cadherin overexpression was significantly correlated with the poor tumour differentiation, multifocal tumours of HCC, and vascular invasion (*P*\<0.05, [Table 1](#tbl1){ref-type="table"}).

N-cadherin is a direct target of miR-199b-5p in HCC cells
---------------------------------------------------------

To investigate whether miRNAs were involved in regulating N-cadherin expression, we identified the potential miRNAs that target 3′-UTR of N-Cadherin mRNA. As a result, 8 miRNAs (hsa-miR-26a, hsa-miR-26b, hsa-miR-199-5p, hsa-miR-190, hsa-miR-204, hsa-miR-211, hsa-miR-218 and hsa-miR-369-3p) were selected out ([Figure 2A](#fig2){ref-type="fig"}). On the basis of the analysis, we transiently transfected the eight miRNAs mimics into HepG2 cell lines and evaluated N-cadherin expression levels using western blotting analysis, which showed that miR-199b-5p induced the greatest decline of N-cadherin expression ([Figure 2B](#fig2){ref-type="fig"}).

Schematic representation of base pairing was observed between the seed sequence of mature miR-199b-5p and 3′-UTR of N-cadherin mRNA ([Figure 2C](#fig2){ref-type="fig"}). To further determine if N-cadherin was regulated by miR-199-5p, western blotting assays were conducted in HepG2 and Huh7 cells using different doses of miR-199b-5p mimics and miR-199b-5p inhibitors. Protein and mRNA expression levels of N-cadherin were reduced in miR-199b-5p overexpression HepG2 cells and were increased in miR-199b-5p downregulation Huh7 cells in a dose-dependent manner after transfection for 48 h (*P*\<0.05; [Figure 2D](#fig2){ref-type="fig"}). Moreover, HepG2 cells were transfected with miR-199b-5p inhibitor and Huh7 cells transfected with miR-199b-5p at different doses and controls. After transfection for 48 h, the protein and mRNA expression levels of N-cadherin were reduced in miR-199b-5p overexpression cells, and were increased in miR-199b-5p downregulation cells in a dose-dependent manner (*P*\<0.05; [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Luciferase assay showed that miR-199b-5p suppressed luciferase expression of Luc-UTR and miR-199b-5p inhibitor promoted it but not the mutant, indicating that miR-199b-5p could directly target N-cadherin (*P*\<0.05; [Figure 2E](#fig2){ref-type="fig"}).

MiR-199b-5p is downregulated in HCC tissues and cell lines
----------------------------------------------------------

To explore the potential role of miR-199b-5p in HCC, the expression profiles of miR-199b-5p were detected in the 100 paired HCC and adjacent liver tissues by qRT-PCR. Notably, miR-199b-5p expression level was significantly decreased in HCC compared with para-tumour liver tissues, and low expression of miR-199b-5p was found in most HCC tissues (62% [Figure 3A](#fig3){ref-type="fig"}). And downregulation of miR-199b-5p is inversely correlated with N-cadherin upregulation in HCC tissues (*P*\<0.0001, [Figure 3B](#fig3){ref-type="fig"}). Moreover, HCC patients with low miR-199b-5p levels had a significantly shorter median DFS (*P*\<0.001, [Figure 3C](#fig3){ref-type="fig"}) and OS (*P*\<0.0001, [Figure 3D](#fig3){ref-type="fig"}) compared with those with high miR-199b-5p levels. Then we performed qRT-PCR assay to analyse miR-199b-5p expression in human HCC and normal liver cell lines. We found that the expression levels of miR-199b-5p were downregulated in HCC cells compared with normal liver cell line HL7702 (*P*\<0.05, [Figure 3E](#fig3){ref-type="fig"}). And miR-199b-5p downregulation is inversely correlated with N-cadherin upregulation in HCC cells (*P*\<0.05, [Figure 3F](#fig3){ref-type="fig"}). All the data indicate that miR-199b-5p functions as a tumour suppressor in HCC.

Overexpression of miR-199b-5p promotes cell aggregation, and inhibits migration and invasion, and N-cadherin restoration partly reverses the effect in HCC cells
----------------------------------------------------------------------------------------------------------------------------------------------------------------

To study the effects of miR-199b-5p on HCC cells, miR-199b-5p stably transfected and control clones were used for further experiments. The qRT-PCR analysis confirmed that miR-199b-5p stably transfected clones showed higher expression level of miR-199b-5p than those of control cells (*P*\<0.05, [Figure 4A](#fig4){ref-type="fig"}), and N-cadherin expression levels were significantly reduced in miR-199b-5p stably transfected cells (*P*\<0.05, [Figure 4B](#fig4){ref-type="fig"}).

Smaller cell aggregates were seen in control cells, while large cell aggregates were observed in miR-199b-5p overexpression cells, we found significantly increase in cell aggregation index in miR-199b-5p overexpression cells (*P*\<0.05; [Figure 4C](#fig4){ref-type="fig"}). A wound-healing assay for cell migration was performed in miR-199b-5p and control clones of HepG2 and Huh7 cells. Expectedly, miR-199b-5p significantly decreased migration in both HCC cells (*P*\<0.05; [Figure 4D](#fig4){ref-type="fig"}). In addition, the transwell chamber migration and invasion assay revealed that miR-199b-5p significantly reduced migration and invasion in both HCC cells (*P*\<0.05; [Figure 4E and F](#fig4){ref-type="fig"}). Moreover, miR-199-5p and N-cadherin were co-transfected into HCC cells, the relative expression of miR-199b-5p and N-cadherin was shown in [Figures 4G](#fig4){ref-type="fig"} and [4H](#fig4){ref-type="fig"}, respectively. We found that N-cadherin restoration partly reversed the effect of miR-199b-5p on cell aggregation, migration and invasion ([Figure 4I--L](#fig4){ref-type="fig"}).

To further investigate the growth inhibitory effect of miR-199b-5p in HCC cells, we performed CCK-8, colony formation, and anchorage-independent cell growth assays, showing that overexpression of miR-199b-5p did not significantly inhibited cell proliferation of HepG2 and Huh7 cells ([Supplementary Figure 2A and B](#sup1){ref-type="supplementary-material"}). Moreover, the cell cycle distribution and apoptosis analysis using flow cytometry indicated that miR-199b-5p did not significantly influence cell cycle progression or induce apoptosis in HCC cells ([Supplementary Figure 2C and D](#sup1){ref-type="supplementary-material"}).

TGF-*β*1 induced EMT and altered the expressions of miR-199b-5p and EMT markers in HCC cells
--------------------------------------------------------------------------------------------

After TGF-*β*1 treatment for 48 h, HepG2 and Huh7 cells presented a fibroblast-like appearance ([Supplementary Figure 3A](#sup1){ref-type="supplementary-material"}), with N-cadherin expression detected by immunofluorescence staining significantly increased compared to those without TGF-*β*1 treatment ([Supplementary Figure 3B](#sup1){ref-type="supplementary-material"}). Meanwhile, the miR-199b-5p expression was remarkably reduced, along with expression of N-cadherin, p-Akt, Snail and Slug upregulated, and E-cadherin expression downregulated ([Supplementary Figure 3C](#sup1){ref-type="supplementary-material"}). Grey scale analysis was conducted based on the results of western blotting assay ([Supplementary Figure 3D](#sup1){ref-type="supplementary-material"}).

MiR-199b-5p attenuates TGF-*β*1 induced EMT in HCC
--------------------------------------------------

After TGF-*β*1 treatment for 48 h, HepG2 cells had cobblestone-like morphology in the miR-199b-5p overexpression group, and had fibroblast-like appearance in both control and N-cadherin overexpression group. Furthermore, we found that N-cadherin restoration in the miR-199b-5p overexpression group partially reversed the inhibitory effect of miR-199b-5p on EMT traits. Immunofluorescence staining showed that N-cadherin expression was remarkably reduced, while miR-199b-5p was transfected into HepG2 cells with TGF-*β*1 treatment for 48 h ([Figure 5A](#fig5){ref-type="fig"}) and miR-199b-5p was detected while N-cadherin, miR-199b-5p and the controls were co-transfected into TGF-*β*1-treated HepG2 cells ([Figure 5B](#fig5){ref-type="fig"}). It is also indicated that miR-199b-5p overexpression attenuated TGF-*β*1 induced EMT-related factors in HCC cells, and N-cadherin restoration partially promoted the p-Akt expression, but had little effect on expression of EMT-related factors using western blotting assay ([Figure 5C](#fig5){ref-type="fig"}) and grey scale analysis ([Figure 5D](#fig5){ref-type="fig"}).

MiR-199b-5p inhibits human HCC xenograft metastasis in nude mice
----------------------------------------------------------------

To examine whether miR-199b-5p could suppress metastatic features of HCC *in vivo*, intraperitoneal xenograft models were established with stably transfected miR-199b-5p and control HepG2 clones, which had been induced by TGF-*β*1 for 48 h. We found that miR-199b-5p could markedly inhibit the tumour metastasis *in vivo* ([Figure 6A](#fig6){ref-type="fig"}), which revealed markedly reduced tumour number derived from transfected miR-199b-5p cells (10.33±4.04 *vs* 45±8.89; *P*\<0.05; [Figure 6B](#fig6){ref-type="fig"}). Then we explored the underlying mechanisms of tumour suppression induced by miR-199b-5p, immunohistochemical staining assay indicated that the EMT-associated factors induced by TGF-*β*1, especially N-cadherin and p-Akt, were markedly inactivated and E-cadherin expression was increased ([Figure 6C and D](#fig6){ref-type="fig"}).

TGF-*β*1 induced EMT through Akt signalling pathway in HCC
----------------------------------------------------------

After TGF-*β*1 treatment without or with SB431542 for 48 h, HCC cells had fibroblast-like appearance in both groups ([Supplementary Figure 4A](#sup1){ref-type="supplementary-material"}), and immunofluorescence staining showed that N-cadherin expression was not significantly changed ([Supplementary Figure 4B](#sup1){ref-type="supplementary-material"}). Moreover, SB431542 did not significantly changed expression profiles of TGF-*β*1 induced EMT-related factors except Smad-dependent pathway in HCC cells ([Supplementary Figure 4C](#sup1){ref-type="supplementary-material"}). Thus, our data suggested that TGF-*β*1 induced EMT through non-Smad signalling pathway in HCC. We further utilised Akti VIII, a selective inhibitor of Akt1/2, to investigate the mechanisms of EMT. After TGF-*β*1 treatment without or with Akti VIII for 48 h, both HepG2 and Huh7 cells had fibroblast-like appearance in TGF-*β*1 without Akti VIII group, and cells had cobblestone-like morphology in TGF-*β*1 with Akti VIII group ([Supplementary Figure 5A](#sup1){ref-type="supplementary-material"}). Immunofluorescence staining showed that N-cadherin expression was significantly downregulated in TGF-*β*1 with Akti VIII group compared to TGF-*β*1 without Akti VIII group ([Supplementary Figure 5B](#sup1){ref-type="supplementary-material"}). What is more, expression of N-cadherin, and EMT-related factors was significantly changed in TGF-*β*1 with Akti VIII group compared to TGF-*β*1 without Akti VIII group ([Supplementary Figure 5C](#sup1){ref-type="supplementary-material"}).

A regulatory loop exists between N-Cadherin and Akt in HCC cells
----------------------------------------------------------------

Since TGF-*β*1-induced EMT can be mediated through Akt signalling pathways, we explored the expression of N-cadherin and phosphorylation of Akt signalling in HCC cells. We found that miR-199b-5p could inhibit TGF-*β*1-activated Akt phosphorylation, and N-cadherin restoration partly reversed the effect ([Figure 7A](#fig7){ref-type="fig"}). In addition, we examined that knockdown of N-cadherin could also inhibit TGF-*β*1-activated Akt phosphorylation ([Figure 7B](#fig7){ref-type="fig"}). Meanwhile, we demonstrated that PI3K inhibitor (LY294002) blocked TGF-*β*1 induced N-cadherin overexpression ([Figure 7C](#fig7){ref-type="fig"}), and N-cadherin overexpression activated Akt signalling, while LY294002 caused N-Cadherin downregulation ([Figure 7D](#fig7){ref-type="fig"}). We further examined that Akti VIII blocked TGF-*β*1-induced N-cadherin overexpression, and N-cadherin siRNA in turn suppressed TGF-*β*1-induced Akt activation ([Figure 7E](#fig7){ref-type="fig"}). In addition, in the model of TGF-*β*1-induced HepG2 cells for 48 h, Akti VIII were added at different times. N-cadherin were not significantly changed when Akti VIII were added at early stage (at 0 h). However, N-cadherin significantly increased when Akti VIII were added in the next time points (at 6 h, 12 h and 24 h). It is indicated that TGF-*β*1 induces N-cadherin overexpression through Akt phosphorylation ([Figure 7F](#fig7){ref-type="fig"}). In the next model of TGF-*β*1-induced HepG2 cells for 48 h, N-cadherin siRNA were added at different times. The p-Akt expression significantly increased when N-Cadherin siRNA were added at early stage (at 0 h), and it further significantly increased when N-cadherin siRNA were added at late stage (at 12 h and 24 h) ([Figure 7G](#fig7){ref-type="fig"}). It has been indicated that TGF-*β*1 induces rapid activation of Akt at early stage. Our data found that reduction of N-cadherin could suppress the second wave of Akt activation at late stage, which indicated that TGF-*β*1-induced N-cadherin overexpression further promoted the second wave of Akt activation at late stage. In summary, the data suggest that a positive regulatory loop exists between N-cadherin and Akt signalling.

Discussion
==========

Cadherins are calcium-dependent cell adhesion molecules that involved in multiple cellular processes, and play important roles in EMT, tumour invasion and metastasis ([@bib20]; [@bib27]). Unlike E-cadherin, which has been well established as a tumour suppressor gene in cancer, N-cadherin overexpression is reported to associate with heighted invasive potential in breast cancer, bladder cancer and pancreatic carcinoma ([@bib30]; [@bib29]; [@bib23]). In HCC, however, the role of N-cadherin still remains controversial. The study by [@bib38] suggested that reduced N-cadherin staining was significantly correlated with tumour differentiation and vascular invasion, and predicted a higher risk of recurrence after hepatectomy. However, [@bib33] reported that N-cadherin was remarkably upregulated in HCC, and was associated with postoperative recurrence. Our results were consistent with [@bib33], which found that N-cadherin was highly expressed in HCC tissues compared with that in adjacent liver tissues, and was significantly correlated with the tumour differentiation, multifocal tumours and vascular invasion. These data indicate that overexpressed N-cadherin contributed greatly to the invasion, metastasis and recurrence of HCC.

Many studies have shown that miRNAs behave as a ubiquitous feature by post-transcriptionally inhibiting target genes ([@bib2]; [@bib1]). To investigate whether miRNAs dysfunction were involved in the mechanism of N-Cadherin overexpression in HCC, we utilised four miRNA databases to scan for potential miRNAs that target N-cadherin 3′-UTR. We subsequently identified that hsa-miR-199b-5p could significantly suppress N-cadherin expression in HCC cells. It has been reported that reduced miR-199b-5p expression was correlated with poor prognosis of breast cancer patients, and miR-199b-5p inhibited HER2 expression in breast cancer cells ([@bib14], [@bib13]). Favreau *et al* found that miR-199b-5p was downregulated and targeted PODXL and DDR1 in acute myeloid leukaemia ([@bib15]). Chiu LY *et al* reported that miR-199b-5p was significantly downregulated in HCC cell lines using massively parallel sequencing ([@bib8]). Until now, limited information is available about the role of miR-199b-5p in HCC. Therefore, the role of miR-199b-5p was further explored in this paper. We determined that miR-199b-5p levels were markedly decreased in HCC tissues and HCC cell lines by comparison with para-tumour liver tissues and normal liver cells ([Figure 1A](#fig1){ref-type="fig"}), suggesting that miR-199b-5p could be a useful diagnostic biomarker in HCC. Moreover, miR-199b-5p overexpression in HCC cells induced cell aggregation, reduced cell migration and invasion, and suppress TGF-*β*1-induced EMT *in vitro*. *In vivo* experiment also indicated that miR-199b-5p overexpression inhibited HCC cell metastasis. All the evidences revealed that miR-199b-5p functions as a tumour suppressor in HCC.

With loss of E-cadherin and upregulation of N-cadherin, EMT is considered to be the important mechanisms regulating the progression for the invasive behaviour of cancer cells, such as promotion of cell detachment, migration and vascular invasion. TGF-*β*1 has been regarded as the most effective inductor for EMT. However, the mechanism of TGF-*β*1 induced EMT and carcinogenesis in HCC are not yet well established. Recent studies have reported that miRNAs was involved in TGF-*β*1-mediated EMT to modulate the cell migration, invasion and extracellular matrix degradation. [@bib41] demonstrated that miR-125b attenuated EMT via targeting Smad2 and Smad4 in HCC. [@bib24] reported that miR-21 could promote TGF-*β* signalling to induce EMT through upregulating PTEN expression in gastric cancer. [@bib39] indicated that miR-29c overexpression could repress the Sp1/TGF-*β* axis-induced EMT in lung cancer. In this study, we showed that the TGF-*β*1-induced EMT was suppressed through the miR-199b-5p/N-cadherin axis. Moreover, we found that miR-199b-5p inhibited metastasis *in vivo*. Our data also indicated that TGF-*β*1 induced EMT and miR-199b-5p downregulation through non-Smad signalling pathways. Further studies need to illustrate the mechanisms of TGF-*β*1-induced miR-199b-5p downregulation.

It has been indicated that the activated PI3K/Akt signalling has a pivotal role in TGF-*β*1-induced EMT ([@bib28]; [@bib37]). [@bib24] found that miR-21 promoted phosphorylation of Akt through downregulating PTEN in TGF-*β*1-mediated EMT model in gastric cancer. [@bib36] suggested that TGF-*β*1 regulated PI3K/Akt pathway promoting the activity of Snail, Slug and CD147 signalling cascade, and then induced EMT in HCC. [@bib3] showed that ADH-1, a N-cadherin antagonist which disrupts cell adhesion, enhanced antitumour effects of chemotherapy in melanoma and increased p-Akt. TGF-*β*1-Akt signalling-N-cadherin axis has been successfully verified in many studies; however, whether N-cadherin influences downstream signalling pathway needs further investigation. Interestingly, we found that N-cadherin siRNA or miR-199b-5p suppressed TGF-*β*1-activated Akt phosphorylation in HCC cells. It has been indicated that TGF-*β*1 induces rapid activation of Akt within 30 min and followed by a second wave of activation at late stage ([@bib4]; [@bib40]). Our data found that knockdown of N-cadherin could suppress the second wave of Akt activation, which suggested that TGF-*β*1-induced N-cadherin overexpression promoted the second wave of Akt activation. The positive regulatory loop between N-cadherin and Akt signalling needs further investigation to unveil the mechanisms of TGF-*β*1-mediated EMT in HCC cells.

In conclusion, N-cadherin was markedly overexpressed and miR-199b-5p was significantly downregulated in HCC. MiR-199b-5p promotes cell aggregation, suppresses cell migration and invasion and inhibits TGF-*β*1-induced EMT in HCC. TGF-*β*1-induced N-cadherin overexpression promoted the second wave of Akt activation at late stage and a positive regulatory loop between N-cadherin and Akt signalling was demonstrated as a novel mechanism of TGF-*β*1-mediated EMT in HCC cells.
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![**N-cadherin is overexpressed in HCC and is associated with the prognosis of HCC patients.** (**A**) Relative expression levels of N-cadherin were detected using western blotting assay in 100 pairs of HCC patients' tumour tissues and corresponding adjacent liver tissues. (**B**) Representative images of N-cadherin expression in human HCC tissues (a) and corresponding adjacent liver tissues (b) were shown using immunohistochemical assay (× 100) and western blotting assay (c). High expression levels of N-cadherin were shown in HCC tissues and low expression levels of N-cadherin were exhibited in adjacent non-cancerous liver tissues. Membranous staining indicated positive staining for N-cadherin. (**C**) Relative expression levels of N-Cadherin in HCC cell lines were detected using western blotting assay. Histograms showed the relative expression of N-cadherin in HCC cell lines based on western blotting analysis. (**D**) The group of patients with high N-cadherin expression was significantly related to lower disease-free survival (a) and overall survival (b) rates after treated by curative resection for HCC. The asterisks indicate statistically significant changes (\**P* \<0.05).](bjc2017164f1){#fig1}

![**N-cadherin is a direct target of miR-199b-5p in HCC cells.** (**A**) Venn diagram showed the overlap from four miRNA databases, identifying eight potential miRNAs targeting N-Cadherin mRNA. (**B**) Western blotting assay represented N-cadherin expression levels in the HepG2 cells transfected with eight miRNAs mimics and negative control (NC). GAPDH was used as the loading control. (**C**) Schematic diagram exhibited consequential pairing of miR-199b-5p and N-cadherin 3′-UTR predicted by miRanda database (<http://www.microRNA.org>). Mutant-3′-UTR indicated the 3′-UTR of N-Cadherin with the mutation in miR-199b-5p putative binding sites. (**D**) HepG2 cells were transfected with miR-199b-5p and Huh7 cells transfected with miR-199b-5p inhibitor at different doses and controls. After transfection for 48 h, the protein levels of N-Cadherin were examined by western blotting assay (a), the average grey scale intensities were measured by IPP 6.0 (b), and the mRNA levels of N-cadherin were examined by qRT-PCR (c). (**E**) Luciferase assay on HepG2 and Huh7 cells showed that miR-199b-5p markedly suppressed luciferase activity of wild-type reporter constructs in HepG2 cells (a), and miR-199b-5p inhibitor markedly increased luciferase activity of wild-type reporter constructs in Huh7 cells (b). \**P* \<0.05, ^\#^*P*\>0.05.](bjc2017164f2){#fig2}

![**MiR-199b-5p is downregulated in HCC, and its downregulation is inversely correlated with the N-Cadherin overexpression.** (**A**) MiR-199b-5p expression levels were significantly downregulated in HCC tissues compared with those of corresponding adjacent liver tissues (*n*=100, *P*\<0.0001). Results were normalised to *RNU6B* gene. (**B**) Downregulation of miR-199b-5p is inversely correlated with N-cadherin upregulation in HCC (R^2^=0.428, *P*\<0.0001, Pearson's correlation). Kaplan--Meier analysis estimated disease-free survival (**C**) and overall survival (**D**) in the HCC patients according to miR-199b-5p expression level. (**E**) MiR-199b-5p is downregulated in HCC cells, and its downregulation inversely correlated with the N-cadherin overexpression (**F**). \**P*\<0.05.](bjc2017164f3){#fig3}

![**MiR-199b-5p promotes cell aggregation, suppresses cell migration and invasion in HCC cell lines, and N-Cadherin restoration partly reverses the effect.** (**A**) Relative expression of miR-199b-5p was detected by qRT-PCR assay in HepG2 and Huh7 cell lines stably transfected with miR-199b-5p. (**B**) Relative expression of N-Cadherin was detected by western blotting assay in HepG2 and Huh7 cell lines stably transfected with miR-199b-5p. (**C**) MiR-199b-5p overexpression in HepG2 and Huh7 cells promotes homophilic cell aggregation. (**D**) Cell migration ability was evaluated by wound-healing assay measuring gap distance at time point 0 and 72 h. (**E**, **F**) Cell migration and invasion assay showed the number of cells across the membrane with 8 mm pores without or with Matrigel. In addition, expression of miR-199-5p (**G**) and N-cadherin (**H**) was detected while miR-199-5p and N-Cadherin were co-transfected into HCC cells. N-Cadherin restoration partly reversed the effect of miR-199b-5p on cell aggregation, migration and invasion (**I**--**L**). Each experiment was repeated three times. \**P*\<0.05, ^\#^*P*\>0.05.](bjc2017164f4){#fig4}

![**MiR-199b-5p overexpression attenuates the TGF-*β*1 induced EMT phenotype, and N-Cadherin overexpression rescues the TGF-*β*1 induced EMT phenotype.** (**A**) Treatment of co-transfected HepG2 cells by TGF-*β*1. Morphological appearance and immunofluorescence staining of N-cadherin expression of the cells were shown (× 100). The influences of TGF-*β*1 treatment on the expressions of miR-199b-5p, N-cadherin and EMT-related factors in co-transfected HepG2 cells. The expression of miR-199b-5p was detected by qRT-PCR assay (**B**), and the expressions of N-cadherin and EMT-related factors were evaluated by western blotting assay (**C**) and grey scale analysis (**D**). \**P*\<0.05, ^\#^*P*\>0.05.](bjc2017164f5){#fig5}

![**MiR-199b-5p attenuates EMT-associated traits of HCC cells *in vivo*.** (**A**) The tumours derived from the TGF-*β*1 treated HepG2 miR-199b-5p overexpression cell clones were less in number than the TGF-*β*1 treated HepG2 control cell clones (*n*=5 each group). Representative H&E staining of the tumours was shown. (**B**) MiR-199b-5p expression status and the number of the xenograft tumour tissues in both groups were detected. (**C**) The expression status of N-Cadherin and EMT-related factors of the xenograft tumour tissues in both groups were determined. (**D**) The average grey scale intensities were measured by IPP 6.0. \**P*\<0.05.](bjc2017164f6){#fig6}

![**A regulatory loop exists between N-cadherin and Akt in HCC cells.** (**A**) MiR-199b-5p inhibited TGF-*β*1 induced Akt signalling activation, and N-cadherin restoration partly reversed the effect. (**B**) PI3K inhibitor (LY294002) blocked TGF-*β*1 induced N-cadherin overexpression. (**C**) MiR-199b-5p inhibited N-cadherin expression, and TGF-*β*1 partly reversed the effect. (**D**) N-Cadherin overexpression activated Akt signalling and LY294002 downregulated N-cadherin expression. (**E**) Akti VIII blocked TGF-*β*1 induced N-cadherin overexpression, and N-cadherin siRNA in turn suppressed TGF-*β*1 induced Akt activation. (**F**) In the model of TGF-*β*1 induced HepG2 cell for 48 h, Akti VIII were added at different times. N-cadherin were not significantly changed when Akti VIII were added at early stage (at 0 h). However, N-cadherin expression significantly increased when Akti VIII were added in the next time points (at 6 h, 12 h and 24 h). (**G**) In the next model of TGF-*β*1 induced HepG2 cell for 48 h, N-cadherin siRNA were added at different times. The p-Akt expression significantly increased when N-cadherin siRNA were added at early stage (at 0 h), and it further significantly increased when N-cadherin siRNA were added at late stage (at 12 h and 24 h). All of the experiments were performed in triplicate.](bjc2017164f7){#fig7}

###### The correlation between N-cadherin upregulation and clincopathological parameters in the patients with HCC

                                                   **N-cadherin expression level**                                 
  ----------------------------------------------- ---------------------------------- ----------------------------- -------------------
  **Clinicopathological variables**                **Upregulated (*****n*****=61)**   **Intact (*****n*****=39)**   ***P*****-value**
  Age (⩽60 *vs* \>60) (years)                                   55 : 6                          36 : 3                    0.994
  Gender (male/female)                                         51 : 10                          36 : 3                    0.241
  HBV DNA (⩽10^5^ *vs* \>10^5^) (copies per ml)                44 : 17                          32 : 7                    0.257
  Liver cirrhosis (absent *vs* present)                        27 : 34                          16 : 23                   0.75
  AFP (⩽400 *vs*\>400) (ng ml^−1^)                             25 : 36                          23 : 16                   0.079
  Histological grade (well/moderate/poor)                    2 : 30 : 29                      5 : 30 : 4                \<0.001\*
  Tumour size (⩽10 *vs* \>10 cm)                                54 : 7                          37 : 2                    0.476
  Tumour number (single *vs* multiple)                         40 : 21                          34 : 5                   0.016\*
  Vascular invasion (absent *vs* present)                      50 : 11                          38 : 1                   0.026\*

Abbreviations: AFP=α-fetoprotein; HBV=hepatitis B virus; HCC=hepatocellular carcinoma.

*χ*^2^-test or the Fisher exact test; \*statistically significant (*P*\<0.05).
